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NOMENCLATURE

A, Heater area cover by vapor (m?)

A, Total heater area (m?)

B, Switch-over parameter (dimensionless)

Cp.e Specific heat of the liquid (J/kg)

d Heater diameter (m)

f1(P) Prescribed function of pressure. defined after Eq. 2

J3(P.AT,,p) Prescribed furction of pressure and subcooling. defined after Eq. (9)
Is(P.AT,,p) Prescribed function of pressure and subcooling. given by Eq (6)

g Gravitational acceleration (m/s?)

H{ ) Heavy-side step function

hyg Latent heat of vaporization {J/kg)

Ja Jacob number (dimensionless)

Ja* Modified Jacob number (dimensionless)

K Empirical correction factor (dimensionless)

K- Modified empirical constant (dimensionlcss) defined after Eq (8)
q Surface heat flux (W/m?)

qCHF SS Steady-state THF (W/m?)

JCHF TR Transient CHF (W/m?)

t Time (s)

vV, Vapor mass volume growth rate (m3/s)

) Liquid-layer thickness (m)

é. Cnitical hquid-layer thickness (m)

6 & Cntical hquid-layer thickness at steady-sta*e CHF level (m)

AT p Degree of subcooling (K)

] Ratio of transient CHF to steady-state Ch}' (dimensionless)

a Surface tension (N/m)

) Density (kg/m?)

€ Volumetric ratio of accompanyii.g hquid to moving bubble (din.ensionless)
Ap 'Aodifiad Taylor unstable wavelength (m)

r Exporential period (s)

'q Vapor mass hovening penod in saturated pool boiling at steady-state CHF (s!

Vapor mass growth period in subcooled pool boiling at steady-state CHF (s)
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ABSTRACT

Understanding and predicting critical heat flux (CHF) behavior
during steady-state and transient conditions are of fundamental inter-
est in the design. operztion. and safety of boiling and two-phase flow
devices. This paper discusses the results of a comprehensive theoretical
study made specifically to model transient CHF behavior in subcooled
pool boiling. This study is based upon a simplified steady-state CHF
model in terrns of the vapor mass growth period. The results obtained
from this theory indicate favorable agreement with the experimental
data from cylindrical heaters with small radii. The statistical nature
of the vapor mass behavior in transient boiling also is considered and
upper and lower limits for the current theory are established. Vasious
factors that affect the discrepancy between the data and the theory are
discussed.

I. INTRODUCTION

Boiling heat transfer with time-dependent heat input, as well as the predictior, of critical
heat flux (CHF) under such conditions. is of interest in several applications. Cne application in
light-water nuclear reactor technology involves the reactivity-initiated accident (RIA). in which

* This work was funded by the US Nuclear Regulatory Commission (NRC), Office of Nuclear
Regulatory Research. Division of Accident Evaluation.
** This work was started while a graduate student at the University of Central Florida.

Orlando. Florida.



a sudden increase in power generation rate may occur A comprehensive understanding and
an accurate modeling of CHF are required to evaluate RIA scenarios. In our earlier study.! a
theoretical prediction of CHF during power transients in saturated pool boiling was presented.
There are many practicai problems. however, where CHF is reached in the presence of a
subcooled liquid. For instance. if a power burst occurs in a pressurized water reactor. CHF
conditions may be reached while the bulk of the liquid is highly subcooled. Thus. because of
its practical importance. the effect of subcooling on CHF during power transients has been
the subject of earlier stuaies.

The studies of Sakurai et al..? Kawamura et a/..> and Kuroda (as cited by Serizawa*)
are examples of fundamental research efforts aimed towards the understarding of the sub-
cooling effect on pool boiling CKF during power transients. All of the previously mentioned
experimertal studics are concerned with subcooled pool boiling in water. Sakurai et a/.? and
Kawamura et a/.® experimentally investigated the transient boiling of water at atmospheric
pressure with different degrees of subcooling. In these experiments. small flat ribbon heaters
were used. In his experiment. Kuroda (as cited by Serizawa!) used a horizontal wire heater
with a small radius to investigate transient subcooled pocl! boiling of water. The only data
reported in the open literature were based on a 0.993-MPa pressure.*

In steady-state subcooled pool boiling. the most commonly uced CHF forinulatior was
developed by Ivey and Morris (as cited by Collier®). This correlation is given by

qCHF SS sub
JCHF.SS st
where the modified Jacob number. Ja°. is dafined as

a/4
. e
Ja = () Ja ,
Fa

with the Jacob number, Ja, defined as

= 1+0.102Ja" , (1)

CP-fATsub
hla

Equation 1 shows that, for a given pressure, che ratio of subcnoled CHIF to saturated CHF
is a linear function of ithe subcooling if the variations of the liquid density and liquid specific
heat with respect to subcooling are neglected.

During transient conditions. the same quantitative relationship between subcooling
and the ratio of subcooled CHF to saturated CHF may be invalid. The experimental
observations?~ 4 show that. for a given pressure and rate-of-change of the surface heat flux. the
ratio of transient CHF to steady-state CHF decreases as the degree of subcooling increases.
which implies

Ja ==

JCHF TR sub < ?CHF.TR,:-!
dIHF 55 sub QCHF 55 st

Thus.

GCHF TR sub < 9CHF.SS sub
JCHF . TR, sat JCHF SS sat



This result also is expected when our theoretical transient CHF model' for saturated poo!
boiling is used. This model shows that the ratio of transient CHF to steady-state CHF is an
increasing function of the vapor mass growth period. for a given rate-of-change in the surface
heat flux. Fand and Keswani® observed that the initiation. growth, and collapse of a bubble
during subcooled boiling occur more quickly than the initiation, growth, and departure of the
bubble during saturated boiling at the same pressure. In fully developed nucleate boiling in the
vicinity of CHF, vapor mass initiation is almost instantaneous. Therefore, it may be concluded
from the vapor mass growth period that the ratio of transient CHF to steady-state CHF is a
decreasing function of the liquid subcooling.

In the remainder of this paper. these cbservations are quantified and formulated into
a transient CHF correlation. This task requires an appropriate steady-state CHF model for
subcooled pool boiling in terms of the vapor mass growth period. In Sec. Il, a simple steady-
state CHF model is developed. Based upon this model. a transient CHF cor/elation is presented
in Sec. lll. In Sec. IV, the developed theory is compared with the experimental data available
in the open literature. The statistical nature of the vapor mass and its effect on the transient
CHF are considered in Sec. V. Finally, Sec. VI summarizes and concludes the current study.

1. STEADY-STATE CHF MODEL FOR SUBCOOLED POOL BOILING

In this section. a subcooled pool boiling CHF model similar to the saturated pool boil
ing model of Haramura and Katto” is developed. Figure 1 shows the boiling configuration
pcstulated by Haramura and Katto” for saturated pool boiling. We assumed that a similar
configuration may be wvalid for subcooled pool boiling with moderate subcoolings. We em-
pirically forced our mathematical model to yield the same result as the correlation given by
Eq. (1). Therefore, the curre 't model does not improve the predictive capability for the steady-
state CHF. Its sole advantage is that it explicitly includes the vapor mass growth period. In
subcooled pool boiling. we use the term growth period as an equivalent to the hovering period
in saturated pool boiling. Physically. the grow*’. period may terminate by vapor mass collapse,
whereas the hovering period always terminates by vapor mass departure. Our approximate
model is based upon the following postulates.

a. The density and specific heat of the subcooled liquid are weak functions of tempera-
ture. and they can be approximated by their valie at the saturation temperaiure for
the given pressure. This assumptior is commonly used in thermodynamics. and it
is considered sufficiently accurate for moderate subcoolings.

b. The assumption is made that the fraction of the heater area covered by vapor,
A,/ A,. is unaffected by subcocling. This quantity is formulated by Haramuru and
Katto” as a function of the density ratio only. Because of postulate {a). this ra’io
remains independent of subcooling. Furthermore. this ratio is not affected by the
surface heat flux and is usually very small even at pressures close to the criticai
pressure.’
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Fig. 1.

Boiling configuration at high heat fluxes near CHF.

The critical liquid-layer thickness underneath the vapor mass, as shown in Fig. 1, is a
fraction of the Helmholtz instability wavelength in the vapor stems. This wavelength
is inversely proportional to the square of the surface heat fiux. as formulated by
Haramura and Katto.” Thus.

\ (2)

where

n(py =T o (228) (42 pher

P1Pg
As shown in Fig. 1. at high heat fluxes near CHF, the surface is crowded by many
vapor masses growing and departing or collapsing continuously.

During the vapor mass growth. no liquid is supplied to the liquid layer. The macro-
layer is replenished with liquid only when the vapor mass departs or collapses.

The initiation of a new vapor mass after the departure or collapse of the previous
one is almost instanianeous.

CHF is reached if the liquid layer completely evaporates during the vapor mass growth
petiod.



Based on these postulates. CHF may be formuiated as

A
Te GCHF.SS.sub = Pth,fa6c,o.lub (1 - Av

) (1+ K Ja) , (3)
w
where 7, is the growth period of the bubble and &, , yup is the critical liquid-layer thickness
at the steady-state subcooled boiling CHF. The critical liquid-layer thickness. &, , ¢yp. can be
calculated by substituting gcpr ss sup for ¢ in Eq. (2). This relation assumes that the effect
of the surface heat flux on the Helmhoitz instability wavelength may be formulated through a
quasi-steady approach. We previously showed that the error asscciated witn this assumption
is within 1% in szturated pool boiling at atmospheric pressure.! At higher pressures and in
subcooled pool boiling. the liquid-layer thickness is even thinner because the surface heat
flux at CHF level is higher. Therefore. the error that occurs because of the quasi-steady
formulation of the liquid-layer thickness is expected to be much smaller than 1%.

In Eq. (3). K is an empirical correction factor and primarily accounts for recirculation
effects. However. it may zlso include the following effects.

i. After bubble collapse. part of the liquid supplied to the liquid layer comes from the
thermal boundary layer. Therefore, it may be slightly heated over its bulk or far-field
temperature.

ii. The liquid in contact with the heater is slightly superheated over its saturation
temperature before it starts evaporating.
Note that the subcooled CHF model given by Eq. (3) is in the same form as the saturated
CHF model of Haramura and Katto” given by

TdGCHF S sat = Prhygbe o sat (1 - :") , (4)
w
where 74 is the vapor mass hovering period in saturated pool boiling as given in App. A.

Using postulate (b). the ratio of the area covered by vapor to the total heater area.
Ay /Ay. is assumed to be independent of the surface heat flux and subcooling. Therefore.
the ratio remains the same as for saturated pool boiling. The error associated with this
assumption is expected to be negligible because the quantity [1 - (A,/A )] is always close
to unity. even for elevated pressures.’

In Eq. 3. the vapor mass growth period. 7,. is difficult to estimate theoretically because
the hydrodynamics of subcooled pool boiling is not as weil understood as that of saturated
pool boiling. In the current study. 7, is quantified in terms of 74 by using an empirical approach
where the following functional form is assumed.

1/5
f,=f3(P.AT.ub)(f—~———c”‘-ss-”") e - (5)
GCHF SS sat



The dependence of the growth period on the one-fifth power of the surface heat flux is obtained
from the solution of the equation of motion for an idealized bubble that was used by Katto and
Haramura'® t« formulate the bubble hovering period in saturated pool boiling. By substituting
Eq. (5) into Eq. (2] and rearranging the terms. the following relation may be obtained,

P]hfg6c.o,ut(1 - ':_")]

T4

x (m)u/s (——1—) (1+K Jo) . (6)

gCHF SS.sub gCHF SS sub

The term within the brackets on the right-hand sige (RHS) of Eq. (6) may be recognized as
dcHF sS.sat from Eq. (4). Thus. the vapor mass growth period in subcooled pool boiling may
be obtained,

[3(P,ATy) = [

3
Ty = 14 (EE’EM) (1+ K Ja) . (7)
qCHF.SS.sub

By substituting Eq. (1) into Eq. (7). the following expression is obtained.

T, _ (1+K"Ja) (8)
ta  (1+0.102Ja%)? °

where the modified correction factor, K*. is defined as

Py

Figure 2 shows the ratio of the vapor mass growth periods as a function of the modified
Jacob number, JJa*, and the modified correction factor. K*. As shown in this figure. as the
subcooling increases (Ja* increases). the vapor mass growth period becomes considerably
smaller than the corresponding vapor mass hovering period in saturated pool boiling.

After the time constant of the subcooled pool boiling CHF is quantified using Eq. (8)
and App. A. the transient CHF model in subcooled pool boiling may be obtained through a
procedure similar to the onz in saturated pool boiling.! Th2 resulting transient CHF model is
described in Sec. lll.

Hi. TRANSIENT CHF CORRELATION

Equation (3) suggests that, after steady-state CHF is applied to the heater surface. dryout
can be detected after a period of time. r,. During transient power ccnditions. the local heat
flux increases during the growth period and complete evaporation of the liquid-layer thicknass
occurs sooner. By the time the surface is essentially dry. *he local heat flux reaches a value
higher than the steady-state CHF.

During the vapor mass growth period. it is assuined that no liquid is supplied to the
liquid layer (postulate e). Thus. the rate of the liquid-layer thinning is governed by one of two
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Fig. 2.
Relationship between the growth and hovering periods as a function of the
modified Jacob number, Ja*.

mechanisms: h ydrodynamic instability or 2vaporation. This may be expressed mathematically
as

-9
fé(Pl ATsub)

, (9)

dé [ 1 86, dg '
= max , |

dt aqE

where 4
fé(P, Awa) = Pthlg (1 - l_u) (1 + K Ja)

w
The first and second terms on the RHS of Eq. (9) ~orrespand to hydrodynamic instability
behavior and evaporation, respectively. Figure 3 iilustrates the effects of the two mecha-
nisms on the liquid-layer thinning. In this figure. the thinning process changes from being
hydrodynamically to thermally controlled when

!
’a5° def_ |9 (10}

dg dt A

which is called the switch-over point. The switch-over pararneter, B,. is defined in terms of
the heat flux at the switch-over point, ¢gp. so that

B, =—-38
JCHF.SS.sub
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Fig. 3.
Schematic description of the switch-over between hydrodynamic and ther-
mal thinning.

For an exponential increase in the surface heat flux given by

¢
q(t) = q: exp (;) , (11)
the switch-over parameter, B,. may be obtained for an exponential increase using Eq. 2 as
1/2
B, = (2—:!) . (12)

After the switch-over point between the two mechanisms is calculated. the transient CHF
may be computed by evaluating one of the following integrals,

t 6. d tCHE TR
¢ 4¢q q ;
= — — dt — dt B, >1; 13
6¢.O.Sub / aq dt d + / fé. ’ .I il ( )
tCHF.SS ts
or

tCHE.TR

6c.o.sub = 'i, dt ’ 'f B, <1 (14)
2
tCHF.SS



Equation (13) corresponds to the case shown in Fig. 3 where the switch-over occurs after
dCcHF.ss. whereas £q. (14) approximates the case where the switch-over occurs before gcHr 5.
The second integral is an approximation because it is formulated as if a new vapor mass forms
or the switch-over occurs when ¢ = gcHr ss.sup- BY using Egs. (2) and (11). Eqs. (13) and (14)
may be integrated tc yicld

n={1-H(E -1} (1+ )+ {H(B, - 1)}1.89 ('7")”3 : (15)

where 7 = ¢cHF TR.sub/ICHF S5 sub and H represent the heavy-side step function. Note that
Eq. (15) is the same as the transient CHF correlation developed for saturated pool boiling.’
if gcHF.ss.sub "Nd 7, are replaced by gcHr s5sat @and T4. respectively. Similar to the satu-
rated pool boiling case. the first term of Eq. (15) represents an approximate value for the
slower transients. whereas the second term correspcnds to the minimum possible value of
transient CHF for faster transients. This statistical aspect of the problem is analyzed further
in Sec. V. Additional mathemcztical details of the above analysis may be found in the study of
Pasamehmetogiu.®

IV. COMPARISON WITH DATA

In this section. Eq. (15) is compared with the data of Kuroda (as cited by Serizawa*).
It must be rezlized that Eq. (15) is written in terms of the exponential period of the surface
heat flux. whereas, in the experiments, the exponential period of the power generation rate
is measured. Here. we will assume that a quasi-steady conduction mode may be used for
heaters of sma!l radius like the one used by Kuroda (as cited by Serizawa*). The quasi-steady
conduction mode assumes that the surface heat flux and the power generation rates may be
related thrcugh a simple volume-to-surface area ratio; thus. the exponential periods remain
the same. Further discussion of the quasi-sieady coi.duction mode may be found in Refs. 1
and 9.

in Fig. 4. the current theory (with K = 1) is compared with the data of Kuroda (as
cited by Serizawa‘) for 20 K subcooling. The prediction is favorable, although the data are
slightly overpredicted for small values of r. This overprediction may be attributed to the
quasi-steady conduction approximation. The error involved by neglecting the hydrodynamic-
thinning mechanism also is shown in Fig. 4. The dotted line showss that. if the evaporation
is assumed to be the only thinning mechanism as suggested by Serizawa.* significantly large
errors occur for small values of 7.

In Figs. 5 and 6. Eq. (15) is compared with the data for 40- and 60-K subcooling data.
respectively. In both cases, using K = 1, the current theory underpredicts the data. The
discrepancy increases as the subcooling increases. For K = 1. the growth periods calculated
using Eq. (7) are 8.3 and 3.4 ms. respectively. These values are considerably lower than the
36.2-ms hovering period for saturated pool boiling at the same pressure. For K = 10. these
values increase to 14.3 and 7.0 ms. respectively. The comparison of the current theory with
K = 10 with the data also is shown in Figs. 5 and 6. The comparison is quite favorable.
If more data were available, K could be correlated empirically as a function of AT,,p. As a
general trend, K seems to increase with increased subcooling. A better interpretation of this
comparison requires a better understanding of the steady-state hydrodynamics of subcooled
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Comparison of the current theory with the 20-K subcooling data of Kuroda
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(as cited by Serizawa*).

10



16 At syl £ v v paanl s o3 aant 441“111}_

. SUBCOOLED POOL BOILING -

14 - Data of Kuroda (1679) .
& \ Pressure = Q. NPa

E 5] \ ATspp = 60.0 K i

E i 1'% Diameter = 1. 2 mm i

O

10 N -

B -

& ° 1

6 .

-1 L

4] —— K=10 -

24 —-—- K=100 -

o+ t

10’ 10 10° 10° i

)

T

Fig. 6.
Comparison of the current theory with the 60-K subcooling data of Kuroda
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pool boiling at high heat fluxes. The following items are important in evaluating the integrity
of the steady-state model used in this study.

1.

At high subcoolings. Eq. 1. after modification for small-diameter effects using the
correlation of Haramurz and Katto.” significantly underpredicts the steady-state CHF
data of Kuroda (as cited by Serizawa*).

For high subcoolings. a well developed vapor mass regime as proposed in the current
model may not exis'. especially when the computed values of the growth period are
on the order of a few milliseconds. With such small growth periods. the boiling
configuration is closer to a discrete bubble pattern rather than a fully developed
vapor mass pattern.

As a result of item 2. considerable liquid may be suppi..d to the liquid layer during
the growth period.

Also as a result of item 2, when the growth period is very small, the waiting period
may no longer be neglizible.

For high subcoolings. the liquid-supply temperature and the recirculation effects may
play an important role in computing the growth periods.

The current data comparison is not affected by the discrepancy in item 1. because the
measured values of the steady-state CHF are used for comparison purposes. However. it shows
the limitations of our knowledge in terms of subcooled pool boiling at high heat fluxes. The
uncertainties outlined in items 2-5 are covered by the. empirical constant K. For successful

11



modeling over a wide range of subcooling, the current theory requires certain adjustments
in K. However, because of the limited data, these adjustments could not be quantified in a
currelation form. Development of a correlation requires additional data at various pressures
and subcooling. as well as identifying the quantitative effect of the quasi-steady conduction
approximation. In another study,!® we showed that, even with certain simplifying assumptions.
the effect of thermal storage within the heater may considerably affect the final prediction in
saturated pool boiling. especially for small value:- of the exponential period. r. The effect of
thermal storage in subcooled pool boiling possibly is less pronounced. Nevertheless. it must
be quantified before a strong statement can be made about the parameter K.

V. EFFECT OF THE RANDOM VAPOR MASS BEHAVIOR ON THE TRANSIENT

CHF MODEL

So far, the magnitude of the transient CHF has been treated as a deterministic value.
However. during transient boiling, the history of a given vapor mass may affect the final
prediction; thus. a statistical value for the transient CHF is suggested. Such statistical
effects are expected to be rather weak because of the strong influence of the hydrodynarr.ic-
thinning mechanism during fast transierts. The hydrodynamic-thinning mechanism is effective
regardless of the vapor mass behavior. During slower transients, the process becomes almnst
steady state. Theiefore, the statistical effects also are expected to be small. Nevertheless.
we quantified these effects for slow and fast transiciats and evaluated the results through data
comparison.

First. the relatively slower transients are considered. During such transients, the switch-
over from hydrodynamic to thermal thinning occurs before the surface heat flux reaches
JCHE.ss- Therefore, even before steady-state CHF, the macrolayer thinning is dominated by
evaporation during the vapor mass hovering period. Previously, we characterized these tran-
sients based upon the magnitude of the switch-over parameter as B, < 1. The first term on
tha RHS of Eq. (15). which corresponds 1o slower transients. was obtained by assuining that
the switch-over occurs or a new vapor mass is formed at t = tcyp gs. The calculated value
does not correspond to either a minimum or maximum possible value of transient CHF but
is used as an approximation between the maximum and minimum values. The corresponding,
macrolayer thickness follows the curve FG in Fig, 7.

To calculate the minimurn possible value of transient CHF. we assume that a vanor mass
is formed at point A in Fig. 7. where 15 < t4 < {cyr ss. For the macrolayer underneath this
vapor mass to dry out in an evaporation mode at time ¢ ;. the energy deposition must be large
enough to evaporate all the liquid during the vapor mass hovering period. Thus, the followiny,
inequality must be satis{ied.

l/l’

(g e [ 2 g (16)

where t’ -t — t4. The term n'/"f‘, in Eq. (16) represents the vapor mass hovering period

when the surface heat flux is equal to gcyr 1 1. This formulation assumes that the vapor mass
growth period is almost independent of history effects and may be calculated as a function
of the departure heat flux using a steady heat flux model. The validity of this assumption

12
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Macrolayer-thinning mechanism during slow transients.

for saturated pool boiling was shown in an earlier study.’! By using Eqs. (2) and (3). the

inequality in Eq. (16) gives

1/3
94 > B.qcur ss {2 [exp (ql/S%l) - 1] } : (17)

Because this analysis is concerned with slower transients where B, <1 and n < 1.5, we can
safely approximate n'/5 by 1. Thus. by rearranging the terms in Eq. (17). we obtain

1/2
e ]
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This result is valid only for slow transients where dryout under a given vapor mass occurs
because of evaporation only during its hovering period. Therefore, g4 must be greater than or
equal to the switch-over heat flux, gp. which is defined as B,gcur.ss- Thus. Eq. (17) yields

1/3

LI SN (19)
(]

which gives

B, €093

The vapor mass that can lead to the earliest dryout must be formed when ¢ = 0.93 gcnr gs-
Any vapor mass formed earlier will depart before dryout, whereas the vapcr massas formed
after will lead to dryout before their departure.

The maximum possitle value of transient CHF for the same slow transient corresponds
to the case where the vapor mass departs (or collapses) an instant before dryout (poin. C ir:
Fig. 7) and fresh liquid repienishes the macrolayer. Thus, the macrolayer thickness follows the
path ACDE. The replenished macrolayer thickness at point D is controlled by the hydrodynamic
mechanism that determines the thickness based on the transient heat flux at that instant in
time. The corresponding maximum transient CHF may be obtained through the solution of
tke following integral,

"
CHF TR, max '
gCHF. TR.min exP ()
(6c)a=acHe TR.min = f") —d’, (20)
2
0

where t’' == t — tcqF TR.min- By rearranging the terme. Eq. (20) yields

3

Nmax = Mmin + = 3 ’ (21)
2'71"zniﬂ

where 1, is given by Eq. (18).

During faster transients (B, > 0.93), the macrolayer thinning under the vapor mass
leading to the earliest possible dryout is caused partly by hydrodyinamic thinning. For these
transients. the macrolayer-thickness history in the vicinity of che transient CHF 1s shown in
Fig. 8. A vapor mass initiated after the switch-over point leads to dryout because the surface
heat flux is high enough to evaporate the macrolayer before its departure (or collapse): however.
a vapor mass initiated before the switch-over point may depart before dryout (point C),
depending upon its growth period. As shown in Fig. 8. the behavior of the vapor mass before
the switch-over point (t = tp) does not affect the liquid-lyer thickness. The only time the
macrolayer thickness is affected by the vapor mass departure is when this departure occurs
after the switch-cver time. Therefore. what we previously postulated to be tcyr Tr actually
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Fig. 8.
Macrolayer-thinning mechanism during fast transients.

applies if the vapor masses do not depart between ¢tz and tcyr Tr. Thus. the transient CHF,
n. ca'culated through this approach must be the minimum possible magnitude, ny;,. which is
given by the second term on the RHS of Eq. (15). Thus. for fast transients.

Nmin = 1.5 B, . (22)

The maximum pnssitle value corresponds to the case where the vapor mass departs just
before dryout (t = tcHF TR.min)- Thus. the licuid-layer thickness follows the path ABCDE
in Fig. 8. Through an analysis similar to that for slow transients. it can be shown that the
maximum heat flux is given by Eq. (21). where nmi, must be repiiced by Eq. (22).

We must remember also that the above analysis is not applicable to very fast transients.
If the transient is fast enough that the very first vapor mass that forms remains on the
surface until transient CHF occurs. the transient CHF becomes a deterministic rather than a
probabilistic value. Actually. in these cases, it is more appropriate to talk about a vapor blanket
overlaying the macrolayer rather than vapor masses because, without departure, the Taylor
wave pattern for individual vapor masses may not be distinguished. However. in subcooled
pool boiling. the growth periods are small and the time-to-CHF is longer. Thus. we tentatively
assume that, for 1 > 10 ms. the boiling has sufficient time to establish a vapor mass boiling
regime. This assumption is based upon the Moissis-Berenson transition cricerion.'? which is
vaiid only for saturated pool boiling. This criterion is used as a first-order approximation for
pool boiling with low subcooling.
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Comparison of the current theory with the 20-K subcooling data of Kuroda
(as cited by Serizawa*) including the random vapor mass behavior.

We can summarize this statistical analysis by the following expressions,

1/3
3
Tmin = {1 ~ H(B, ~ 0.99)} B, exp( =2 LI
2o () 1)
+{H(B, —0.93)}1.58B, (23)
and
Noax -~ Mmin + B—; . (24)
2"min

Figure 9 shuws the range covered by Eqs. (23) and (24) compared with the low subcooling
(20-K) data of Kuroda (as cited by Serizawa!). As shown in this figure, the current theory
suggests a small data scatter and is in agreement with such scatter during slower transients.
It also is worth noting that. if evaporation is assumed to be the only thinning mechanism. as
suggested by Serizawa,* the scatter for fast transients will be much larger. This is contradicted
by the exparimental data.

VIi. SUMMARY AND CONCLUSIONS
In this paper. a theoretical prediction of the CHF during power transients in subcooled
pool boiling is presented. Similar to our earlier study.! the transient CHF is a function of
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the vapor mass growth period. The growth period may be quantified for saturated conditions
by solving the idezlized bubble growtih equation. as suimarized in App. A. For subcooled
conditions, the corresponding growth period is shorter.® However. the hydrodynamics of sub-
cooled pool boiiing at high heat fluxes is not as well ui.derstood as that of saturated pool
boiling. Consequently. it is difficult to quantify the vapor mass growth period in subcooled
pool boiling.

In this paper. a simple steady-state CHF model is developed to find a quantitative rela-
tionship between the vapor mass growth periods at szturated and subcooled conditions. The
resulting relation. which is 2 function of the pressure and the degree of subcooling, is used
along with the theory developed in cur previous study for saturated conditions® to develop a
transient CHF correlation given by Eq. (15). Using the quasi-steady conduction aprioxima-
tion. the theory is cornpared with the experimental data of Kuroda {2s cited by Serizawa*).
The comp -ison with these data from horizontal cylindrical heaters with small diameters is
favorable,  shown in Figs. 3-5.

The e1.oct of random vapor mass behavior also is analyzed. The correspondir.g minimum
and maximum possible values of the transient CHF, which form a rather narrow envelope.
suggest a minimum data scatter, as shown in Fig. 8. Nevertheless, such small scatter is
consistent with the scatter experimentally observed during slow transients.

An improvement in the predictive capabilities of the current theory is possible if (1) a
better coupling between the heat generation rate and surface heat flux is established and (2?) the
hydrodynamics of subcooled pool boiiing at high heat Auxes near CHF is better understood.

Our current study clearly shows that not only the transient but also the steady-state as-
pects of subcooled pool boiling at high heat fluxes near CHF are not nearly as well understood
as those of saturated pool boiling. Both therma. and hydrodynamic aspects ol tkis problem
require further analysis before a stronger statement can be made about the current model.
Despite these difficulties. the current model predicts the data with moderate subcoolings
exceptionally well.
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APPENDIX A
VAPOR MASS HOVERING PERIOD IN SATURATED POOL BOILING

In this appendix. the equation given by Katto and Haramura”'® that estimates the hovering
period is summarized. This equailion is obtained by solving the equation of motion for an
idealized bubble. The hovering perioc? ® is giver. by

3 i/s 4f 3/5
T4= (_‘ [._\._p_f_ﬂll] V11/5 . (A—l)
47 /; g(p/ - pa)

where § = 11/16 and. for cylindricai b.eaters with small radii. V, is given by
i aX
v, = I2p9 (A—2)
aghysy
in Eq. (A-2). A, is the modified unstzdie Taylor wavelength. It is modified to account for the
additional effect of surface tension along the curvatw.re ar< is given by

"”\/anﬁ»—,r]-

A = (4 -3)

r 1420 ]
Y LIRS
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